Interleukin-12 (IL-12) is a pro-inflammatory cytokine known for its role in immunity, and previous studies have shown that IL-12 provides mitigation of radiation injury. In this study, we utilize a multimodal microscopy system equipped with second harmonic generation (SHG) and fluorescence lifetime imaging microscopy (FLIM) to examine the effect of IL-12 on collagen structure and cellular metabolic activity in vivo during skin wound healing. This preliminary study illustrates the highly dynamic and heterogeneous in vivo microenvironment of the wounded skin. In addition, results suggest that IL-12 triggers a significantly more rapid and greater cellular metabolic response in the wounded animals. These results can elucidate insights into the response mechanism of IL-12 in both wound healing and acute radiation syndrome. 1488-1493 (1999).
Introduction
Interleukin-12 (IL-12) is a pro-inflammatory cytokine primarily produced by monocytes, macrophages, and dendritic cells that is known to be involved in the development of cellmediated immunity, and to form a link between innate resistance and adaptive immunity [1, 2] . IL-12 induces the production of interferon-gamma (IFN-γ), which is a cytokine with antiviral activity and has an essential role in resistance to many foreign pathogens [1] . Once released, IFN-γ can interact with nearby cells through paracrine signaling to ensure the continuous presence of essential cytokines and immune cells [3] . Recent studies have found that administration of IL-12 post-irradiation significantly reduces the size of burn wounds caused by radiation exposure, and can also increase the survival rate in lethally irradiated nonhuman primates [2, 4] . To better understand the functions of IL-12 in actively healing skin, a technology capable of noninvasive in vivo monitoring of the wounded skin and the cellular activity at single-cell resolution is imperative.
Injury triggers a complex and organized cascade of cellular and biochemical events that eventually lead to healed skin. However, this healed skin is not as structurally and functionally strong as non-wounded skin [5, 6] . In general, there are three stages during the process of wound healing: inflammation, proliferation, and remodeling [3, 5, 6] . The inflammatory stage is an essential phase of healing, during which cytokines, growth factors, and immune cells including macrophage and dendritic cells are released and activated [1, 3] .
During the proliferation stage, the main activities involve skin resurfacing where formation of epithelium occurs to cover the wound surface, and dermal restoration including angiogenesis to pervade the wound space [5, 7] . Once the new tissue is formed, the remodeling phase begins to restore tissue integrity and functional competence [7] . While studies have discovered that IL-12 significantly reduces the severity of burn wounds and related acute radiation syndrome, the mode of action of this cytokine in minimizing radiation-induced cutaneous damage is still relatively unknown [2] . By investigating the change in the microenvironment of wounded skin after the administration of IL-12, we may gain valuable insights into the underlying mechanisms of how IL-12 assists in the skin recovery after radiation damages.
Multiphoton microscopy, including second-harmonic generation (SHG) microscopy and fluorescence lifetime microscopy (FLIM), is uniquely suited to study the skin microenvironment in vivo due to the high resolution and label-free imaging capabilities [8] [9] [10] [11] . SHG is a nonlinear optical technique that generates contrast from the noncentrosymmetric organization of molecules, and has been widely utilized to investigate collagen, a major constituent in the dermis of skin [12] . FLIM probes the excited state lifetime of endogenous and exogenous fluorophores [13] . In metabolic imaging, dynamic profiles of cellular metabolism can be obtained from the fluorescence properties of the coenzyme, reduced nicotinamide adenine dinucleotide (NADH), which is involved in metabolism [9, 10] . NADH has a short and long lifetime component depending on whether the enzyme is in a free or protein-bound state, respectively, and is involved in many metabolic processes including glycolysis and oxidative phosphorylation [9, 13] . Therefore, changes in the fluorescence lifetime can help to elucidate the metabolic activity in cells.
In this study, structural and metabolic changes of the skin treated with recombinant murine IL-12 (rMuIL-12) were evaluated in vivo using a multimodal microscopy system that was equipped with SHG and FLIM modalities. SHG was used to track and quantify the collagen reformation during wound healing, and FLIM was used to probe the effect of IL-12 on the cellular metabolic activity in the keratinocytes of the epidermal layers of the skin. The acquired information has the potential to provide additional insights regarding the role of IL-12 in wounded skin.
Materials and methods

Animals, skin preparation, and wounding
All animal procedures were performed under a protocol approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Illinois at Urbana-Champaign. Female C57BL/6 wild-type mice were used in this study. Prior to wounding under anesthesia (1% isofluorane gas mixed with 1.5% oxygen), the hair on the lower dorsal skin was first shaved with electric clippers (Peanut palm size clipper 8652, Wahl). For the region to be wounded and imaged, the remaining hair was further removed carefully using surgical forceps under a surgical microscope. The shaved skin was then cleaned with 70% ethanol, and full thickness excisional wounds were made using a sterile 1 mm biopsy punch (Miltex, Inc.). The wounds were left uncovered, and no analgesics or additional anti-inflammatory agents were administered to the mice during the course of the study.
Study design and recombinant murine interleukin-12 (rMuIL-12) treatment
Both the rMuIL-12 and placebo compounds were provided by Neumedicines, Inc. The study included three experimental groups (n = 5 per group): non-wounded mice with rMuIL-12 injection, wounded mice with placebo injection, and wounded mice with rMuIL-12 injection. The non-wounded group was imaged using the microscope system on days 0, 1 (pre-drug injection), 2, 3, 7, and 14. The two wounded groups were imaged on days 0 (pre-wounding), 1 (pre-drug injection), 2, 3, 5, 7, 14, 21, and 28. Approximately 8 hours after wounding and imaging on day 1, prepared rMuIL-12 (40 ng/mouse) or placebo were administered by a single subcutaneous injection on the nape of the neck using a syringe needle with a dose volume of 100 μL/mouse.
Multimodal microscope
The multimodal microscope was a custom-built integrated multiphoton microscope (MPM) system, shown in Fig. 1 [8, 14] . The system utilized a laser source based on a tunable titanium:sapphire laser (Mai Tai HP, Spectra Physics). The center wavelength of the excitation was 920 nm for SHG imaging to eliminate unwanted background signals and 730 nm for FLIM imaging to achieve optimal excitation of NADH. The laser beam was directed through the sample arm and focused onto the sample using a 0.95 NA objective lens (XLUMP20X, Olympus). SHG signals were detected by a photomultiplier tube (PMT) through a 460 nm band-pass filter, and FLIM signals were measured by a 16-channel PMT spectrometer (PML-16-C, Becker-Hickl) through a 633 nm low-pass filter. To perform FLIM, the MPM PMTs were switched to the FLIM PMT without moving the rest of the sample arm components or the animals, as shown in Fig. 1 .
Image acquisition and processing
SHG imaging of the skin around the wound was acquired with dimensions of approximately 2 x 2 mm 2 using a motorized stage to scan in the lateral dimensions. Images were acquired as 10 by 10 frame mosaics that were stitched together in post-processing using Matlab (Mathworks) and ImageJ (National Institutes of Health). In addition, volumetric SHG data with dimensions of 185 × 185 μm 2 across a depth of approximately 80 μm with 6-8 μm incremental steps were also acquired from around the wound. FLIM imaging was performed on four manually selected locations on the skin around the wound to sample the region. Timecorrelated single photon counting (TCSPC) was performed using a commercial TCSPC data acquisition board (SPC-150, Becker-Hickl) to capture the fluorescence decay curves. The images were processed with SPCimage software (Becker-Hickl), and the average fluorescence lifetime of the entire image was calculated. The average and standard deviation of the fluorescence lifetimes were evaluated, and one-way ANOVA combined with Tukey honest significant difference (HSD) test was used to determine the significance level.
Collagen alignment analysis
Collagen alignment analysis was performed on the SHG images of all animals. On each SHG image, five small areas with dimensions of approximately 150 x 150 pixels (108 × 108 μm 2 ) within 500 μm from the edge of the wounds were manually selected to avoid the dark signalfree regions in the hair follicles and the wounds. Also, these small image areas were manually selected because the change in collagen structure was more pronounced closer to the wound. Two-dimensional spatial Fourier transforms (FT) were performed on these small image blocks, and the FT magnitude images were converted into binary images based on a specified threshold. An ellipse-fit was then performed on these binary images utilizing the Matlab Image Processing Toolbox function and the parametric form of the ellipse equation [15] . To quantify the collagen structure around the wound bed, eccentricity of the ellipse was used, which was defined by Matlab as the ratio of the distance between the foci of the ellipse and its major axis length. The value was between 0 and 1. A value closer to 0 suggested that the collagen fibers in the selected regions were isotropically distributed, and a value closer to 1 suggested that the collagen fibers were more aligned in a particular direction. The average and standard deviation of the eccentricity values were calculated, and one-way ANOVA combined with Tukey HSD test was utilized to evaluate the significance level.
Results and discussion
Collagen structure and alignment
SHG was utilized to track the progress of wound healing and to evaluate the collagen structure around the wound bed within the first 100 μm depth of the dermal skin layer. Figure 2 illustrates the progress of wound healing during the one month period. SHG imaging showed that there appeared to have an active collagen contraction between days 5 and 14, which is a part of the remodeling stage of wound healing characterized by a more aligned collagen structure [7] . By days 21 and 28, the collagen structure on top of the wounds appeared to be mostly restored, but with a lower collagen fiber density compared to the surrounding non-wounded areas. The weaker SHG signals observed in the wound bed suggested that there was a lower type I collagen density since type I collagen gives stronger SHG signals [12] . To evaluate the change in collagen structure during the process of wound healing, five small areas around the wound bed on each SHG image of each animal were manually selected, and an ellipse-fit was performed on the magnitude of the 2D Fourier transform of each small image area as described in Section 2.5 [16] . The eccentricity value of the ellipse was used to evaluate the preferred orientation of the collagen fibers immediately around the wound bed, which can be an implication of collagen contraction since the collagen fibers are stretched toward the center of the wound during the contraction process to achieve wound closure [5, 7] . A value closer to 0 suggested that the collagen fibers around the wound were isotropically distributed, and were more similar to the "basket-weave" structure of a nonwounded skin (Fig. 3) [3, 6, 17] . A value closer to 1 suggested that the collagen fibers were oriented in a particular direction (Fig. 3) . Fig. 3 . Analysis of collagen alignment using SHG images. An eccentricity value closer to 0 suggests normal collagen structure, and a value closer to 1 suggests collagen fibers with a preferred orientation. Boxed area in the upper image is a representative example illustrating the size of the small SHG images below. FT stands for Fourier transform.
The alignment analysis was performed on all animals in all three groups, as shown in Fig. 4(a) . In the non-wounded with rMuIL-12 group, no noticeable collagen contraction was observed except on day 1, which was most likely caused by hair removal (Fig. 4(b) ). Both of the wounded groups showed changes in collagen alignment during the healing process with peaks around day 14, which can be seen in both the Fourier transform of the SHG images (Fig. 4(a) ) and the longitudinal tracking of collagen alignment (Fig. 4(b) ). One-way ANOVA combined with Tukey HSD test revealed that both of the wounded groups showed a significant increase (p < 0.05) in collagen alignment on day 14 compared to the non-wounded group (Fig. 4(b) ). This result could suggest that both of the wounded groups showed a significant increase in collagen contraction on day 14, which would be understandable since collagen contraction often follows collagen synthesis and accounts for up to a 40% decrease in wound size [5, 7] . In addition, both of the wounded groups exhibited large variations in the level of collagen alignment since differences in wound healing rates are expected among different animals. Also, the collagen fibers around the wound can experience different levels of collagen contraction, which can be observed in Fig. 2 . Furthermore, volumetric SHG data throughout a depth of approximately 80 μm of the wounded skin was also acquired to investigate potential changes in collagen structures across different depths. The results showed that there was no observable changes in the collagen alignment within this depth of the dermal layer. Although there could be potential changes in the collagen structure at deeper layers of the dermis, such phenomenon cannot be investigated due to the limit of penetration depth and the loss of SHG signals with increasing depth. Longitudinal tracking of collagen alignment/orientation during the one month study period. † Both wounded groups show significantly higher alignment compared to the non-wounded group on day 14 (p < 0.05); * in the wounded group with placebo injection, the level of collagen alignment is significantly higher on day 14 compared to days 2, 7, and 28 (p < 0.05). Scale bar: 30 μm applies to all.
Looking at the dynamic trend of collagen alignment in each experimental group, it was found that the level of collagen alignment on day 14 was significantly higher compared to days 2, 7, and 28 in the wounded group with placebo injection (p < 0.05, Fig. 4(b) ). However, similar differences were not observed in the wounded group with rMuIL-12 injection. While these results may imply that there was a more drastic change in collagen organization in the placebo group during healing, additional studies are necessary to make further conclusions. IL-12 is known to induce the production of IFN-γ, which is one of the effectors of matrix synthesis regulation [1, 3] . In addition, the release of IFN-γ interacts with macrophages, whose main functions include matrix synthesis [3] . Therefore, injection of rMuIL-12 in the wounded mice at the early time point of wound healing can potentially have an effect on the progression of healing. Although additional conclusions cannot be made based on current observations, our results show the heterogeneity of the microenvironment of the wounded skin, and the unique capability of SHG for evaluating the process of collagen regeneration and reorganization. In future studies, additional SHG parameters, such as the polarization of the collagen fibers, should also be characterized to further understand the relationship between IL-12 and the process of matrix synthesis.
Effect of rMuIL-12 on the metabolic activity in wounded skin
FLIM generates image contrast between different excited-state lifetimes characterized by various fluorescence decay rates of the endogenous fluorophores in tissue [18] , and it was used in the study to examine the effect of rMuIL-12 on the metabolic activities in the skin around the wound bed during healing. Figure 5 (a) shows representative FLIM images from each experimental group on days 0 (pre-wounding), 2 (24 hours post injection), 3 (48 hours post injection), and 14.
The imaging plane was focused on keratinocytes approximately 2-6 μm deep below the stratum corneum layer in the epidermis, where NADH is the dominant fluorophores and changes in metabolic activity in the skin can be evaluated based on the change in the fluorescence lifetime [11, 19, 20] . Results demonstrated that no significant change in fluorescence lifetime was observed in the non-wounded group. In both of the wounded groups, elevation in the fluorescence lifetime was seen after wounding and injection (blueshift in Fig. 5(a) ), however, only the wounded group that received the rMuIL-12 injection showed a significant increase (p < 0.05) in fluorescence lifetime 24 and 48 hours post injection (days 2 and 3), compared to pre-wounding on day 0 (Fig. 5(b) ). Statistical analysis also showed that the wounded group with rMuIL-12 injection had significantly longer fluorescence lifetime (p < 0.05) than the wounded group with placebo injection on day 2, which was 24 hours post wounding and injection. In addition, the wounded group that received the rMuIL-12 injection demonstrated significantly longer fluorescence lifetime (p < 0.05) than the non-wounded group at the 48-hour time point after injection (day 3). These observations suggested that only the wounded group that received the rMuIL-12 injection demonstrated a significant increase in metabolic activity during the early time points of wound healing since an increase in fluorescence lifetime suggests an increase in the cellular metabolic activity [9, 21] . In addition, the results of the cross-group comparison suggested that the wounded group with rMuIL-12 injection showed a faster metabolic response toward the wound compared to the other wounded group, and they also suggested that only the wounded group with rMuIL-12 injection had a significantly larger metabolic response compared to the non-wounded group during the early time point of the wound healing. Wounded with rMuIL-12 group has a significantly longer lifetime compared to the wounded with placebo group on day 2 (p < 0.05); † wounded group with rMuIL-12 injection has a significantly longer lifetime compared to the non-wounded group on day 3 (p < 0.05); * in the wounded with rMuIL-12 group, the lifetimes on days 2 and 3 were significantly longer than day 0 (p < 0.05). Scale bar: 20 μm applies to all.
One of the first responses of an organism to pathogens is an inflammatory reaction, which is also an important phase during wound healing that will then lead to tissue repair [1, 7] . During the healing process, there is an increase in energy demand that results in an increase in the metabolic rate in wounded skin [22] , which was demonstrated by both of the wounded groups in this study. Longer fluorescence lifetime suggests that there is an increase amount of the protein-bound NADH, which is the long lifetime component of NADH [9, 13] . The protein-bound NADH is associated with oxidative phosphorylation [23] , the oxygen-mediated metabolic pathway that is more efficient in energy production in the biological system [24, 25] . The significant increase in fluorescence lifetime we observed in the wounded group that received the rMuIL-12 suggested that the additional IL-12 administration post wounding initiated a significant increase in metabolic rate through the process of oxidative phosphorylation to satisfy the higher demand for energy in the healing skin. Our results suggest that IL-12 triggered a greater and more rapid inflammatory response after wounding, which is potentially associated with the significant increase in the metabolic rate. These phenomena may be beneficial to the overall process of wound healing.
Conclusion
We demonstrated in vivo longitudinal SHG and FLIM imaging and tracking of wound healing post administration of rMuIL-12. Initial observations showed that IL-12 induced a significantly more rapid onset and higher metabolic activity in the wounded skin during the early time points of wound healing. The results suggest that the additional administration of this pro-inflammatory cytokine initiated a stronger inflammatory response that may be beneficial to the overall progression of skin wound healing, and may very likely play a key role in protecting the biological system against radiation damage. Preliminary SHG results showed signs that could imply that the wounded mice with IL-12 injection showed a less drastic change in collagen structure during healing, but additional studies are needed to verify this observation and to make further conclusions about the effect of IL-12 on matrix synthesis or possible correlations with the significant increase in metabolic activity. While additional investigations are required, including the dynamic profiles of the immune cells and changes in wound healing progression in radiation-damaged skin, this MPM imaging technology can offer quantitative, non-invasive longitudinal tracking of cell and tissue dynamics at the cellular-level resolution, so that we can better comprehend the complex mode of action of IL-12.
